Pyruvate kinase (EC 2.7.1.40) of S. cardsbergensis is a tetrameric enzyme, composed of four identical subunits each of which contains 1 mole of L-valine noncovalently bound. The enzyme readily dissociates into monomeric units. L-Valine and magnesium or manganese ions are specific primers of the renaturation process of the enzyme. The amino acid induces renaturation with a Ko.5 of 17 MM and a pseudo first-order rate constant of 0.019 min' at 250 with respect to the monomeric species, indicating that L-valine influences the folding of the monomeric form from a disordered state to its native conformation being followed by a spontaneous reassociation with formation of the tetrameric enzyme. Independently, magnesium and manganese ions induce the renaturation with a first-order rate constant of the same magnitude.
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Pyruvate kinase (EC 2.7.1.40) of Saccharomyces carlsbergensis is a tetrameric enzyme of molecular weight 190,000, with four identical subunits having a molecular weight of 48,000 each (1) (2) (3) , an acetylated NHrterminus, and valine as COOHterminus (4) . The catalytic activity of the enzyme is a linear function of the enzyme concentration in the range between 5 X 10-and 2.5 X 10-10 M (5). Furthermore, the allosteric kinetics of the enzyme can be described on the basis of four protomers by a hybrid model (6) .
Earlier studies have shown that the enzyme readily dissociates into monomeric units in the presence of urea, guanidine * HCl, and acetic acid and upon succinylation (1) . Whereas three cysteine residues per subunit of the native enzyme react with Ellman's reagent, treatment with urea allows a reaction of all six cysteine residues per subunit in agreement with the amino-acid analysis (7, 8) , indicating an unfolding of the polypeptide chain upon denaturation. Furthermore, it was observed that denaturation leads to the dissociation of noncovalently bound ivaline in a stoichiometry of 1 mole of valine per 1 mole of subunit. In the course of the study of the renaturation mechanism (9) we recently discovered a specific function of L-valine in the reassociation mechanism, which will be described here. Also, an additional function of magnesium and/or manganese ions in the process is reported.
MATERIALS AND METHODS
Materials. All chemicals used were analytical grade and purchased from E. Merck AG, Darmstadt, unless stated otherwise. Pyruvate kinase from S. carltbergensis (ATCC 24966) was prepared as described (10) Methods. Protein concentration, as well as the activity of the enzyme, were measured as described (6) . Amino acids were identified by the method of Stein and Moore in equipment described (11) . Fluorescence The kinetics of renaturation were followed by taking samples for activity assays (at constant temperature) at 2-min intervals after initiation of the reaction until about 30 min, when roughly 95% of the process is completed. Maximum yield was assayed after 5 hr of incubation. Saturation kinetics were computer-fitted as described (14) . Pyruvate was assayed asin ref. 15 .
The kinetics of degradation of the native and renatured enzyme by trypsin were observed in the following medium: pyruvate kinase (0.3 MM) dissolved in 1 ml of the renaturation system (see below) was mixed with 0.2 ml of a trypsin solution (containing 0.02 mg of trypsin in 0.2 M Tris * HCO buffer, pH 7.5). The decrease of enzyme activity in time was followed by taking samples for assays.
For dissociation and renaturation pyruvate kinase (24-30 ,MM) was incubated in guanidine HCl (6 M), ammonium sulfate (0.4 M), EDTA (1.8 mM), 2-mercaptoethanol (0.2 M), final volume 2.5 ml, for 1 hr at 250, resulting in a complete disappearance of the enzyme activity as well as quenching of protein fluorescence. No precipitation was observed. Renaturation was achieved in the "renaturation system" by dilution Incorporation of radioactive -valine during renaturation was analyzed as follows: 0.075,umole of pyruvate kinase dissolved in 50 mM sodium phosphate buffer (pH 7.2) with a final volume of 5 ml was precipitated with 0.5 ml of trichloroacetic acid (50%). The precipitate was washed with the phosphate buffer given above and dissolved in the dissociation medium (see above) to obtain identical conditions, and immediately transferred to the renaturation medium (see above), with a dilution 1-to-20-fold, yielding a final concentration of 24 ,M monomeric pyruvate kinase. The renaturation system contained radioactive i,-valine (1 mM, 1 mCi/mmol) and MgSO4 (10 mM). After renaturation the enzyme was desalted with Sephadex G-25 (100 X 2.1 cm) equilibrated with phosphate buffer (10 mM, pH 6.4). Samples (1 ml) were collected for assays of enzyme activity and radioactivity.
RESULTS
Renaturation by Valine. On incubation of dissociated pyruvate kinase in the renaturation system containing valine, enzyme activity reappears with a yield that is dependent on the concentration of L-valine (Fig. 1) the native enzyme initially present in terms of the specific activity. Even in the presence of 0.36 mM guanidine-HCl, valine readily induces the renaturation of the enzyme as shown in Fig. 2 , where the progress of pyruvate formation with time catalyzed by the renatured enzyme in the presence and absence of L-valine is drawn. This experiment illustrates that the presence of L-valine is obligatory for renaturation under these conditions.
The stereochemical specificity of L-valine for renaturation is illustrated in Fig. 3 , and the activity of various analogs is summarized in Table 1 . All natural amino acids not mentioned in the table were ineffective at concentrations of 1 mM. This result demonstrates the high specificity of the L-valine structure, its hydrophobic cluster as well as the acid and base group, in the renaturation function.
Kinetics of Renaturation. The renaturation process as given in the reappearance of the enzyme activity in time under pseudo first-order conditions can be described by the following derivative equation: (Fig. 4) yields a pseudo first-order rate constant (kl') of 0.05 min-' at 25°, which is independent of the enzyme concentration. The activation energy for the renaturation process, as defined as pseudo firstorder rate constant (kl'), was found to be 36 kcal/mol between 5 and 250. Influence of kValine on Heat Denaturation. Induction of renaturation by valine suggested that the amino acid might also inhibit the heat inactivation of the native enzyme. As shown in Fig. 5 , the heat inactivation curve clearly is shifted to higher temperature when the experiment is carried out in the presence of valine.
Properties of Renaturated Enzyme. The properties of the renatured enzyme were compared to those of the native enzyme. They were identical in the properties summarized in Table 2 When magnesium ions and valine were tested simultaneously a renaturation yield of 75% was observed, and pseudo first-order rate constants were computed as given in Table 4 , indicating that the presence of both ligands produce a rate constant equal to the sum of the rate constants observed when (17, 18) recently summarized evidence for nucleation and growth pointing to the time requirements for a random folding mechanism of a polypeptide chain with large numbers of residues and to the postulate of a kinetic mechanism for the enhancement of the folding process by additional interactions.
Generally, the following reaction pathways can be visualized: (1) A specific nucleation catalysis leads to the formation Since incorporation of valine into the renatured enzyme has been observed, the second mechanism seems to be suggested for valine. Because of the tight binding of valine to the enzyme, the third possibility seems to be excluded. The possibility of an incorporation of one of the divalent ions has not been analyzed. Of special interest is the coordinated action of magnesium as well as valine in the renaturation kinetics. It could well be possible that both ligands initiate separate nucleation centers that enhance each other during the renaturation process.
In analogy to the action of nucleation ligands such as amino acids and divalent ions, a priming action of small molecules must be expected in other enzymes composed of large polypeptide chains. The observation of Tobes et al. (19) of an activation of renaturation of pyruvate kinase of S. cerevisiae by magnesium ions suggests a similar mechanism. Also, the action of NAD in the reassociation process of glyceraldehyde-3-phosphate dehydrogenase (20) can well be understood in terms of a function as nucleation primer. Also, the action of pyridoxal-6-phosphate in the renaturation of phosphorylase (21) might involve interaction with a nucleation center of the phosphorylase polypeptide chains.
